Abstract. Internally generated variability in the subtropical gyre is studied as a possible mechanism for the observed interannual to decadal variability in subtropical mode water formation. An isopycnic ocean model with idealized geometry and forcing which mimics the North Atlantic subtropical gym is used for this purpose. The horizontal resolution is sufficiently high and the friction and diffusion sufficiently low for the flow to become barotropically and baroclinically unstable. Two modes of low-frequency variability are found. Both modes consist of westward propagating thickness anomalies.
sive response of the ocean to the atmosphere is integration of high-frequency weather fluctuations to lowfrequency variability in the ocean [Hasselmann, 1976] .
The high-frequency forcing can excite oscillations that are damped otherwise [Griffies and Tziperman, 1995]. Hazeleger and Drijfhout [1999] have shown that such a mechanism can drive variability in mode water formation. Especially, stochastic heat flux forcing was found to generate variability in mode water formation of the observed magnitude, but no preferred timescale was found.
In the present study we will investigate whether internal variability, that is, complex interactions within the ocean itself, can explain the observed variability in mode water formation.
A numerical model of an idealized subtropical gyre will be used for this purpose. The advantage of using a numerical model is that variations in the atmospheric forcing can be excluded. In this way, all variability in the model must be internally generated. 
Experimental Setup

Ocean Model
Observations show that diabatic effects in the interior of the ocean due to small-scale mixing are very small [e.g., Ledwell et al., 1993] . The weak diabatic effects imply that in the interior of the ocean water is transferred almost adiabatically along isopycnal surfaces. This makes density a natural vertical coordinate for ocean models. Also the isopycnic layers can be related to water masses. Therefore isopycnic models are We refer to these papers for details on the model. In the following the present model configuration will be described.
The model has seven isopycnic layers with a density difference of 0.8 kg m -3 between each layer (equivalent to a temperature difference of 4øC when salinity is kept constant). The deepest layer has a density of 1026.6 kg 
Forcing
The ocean model was initialized from oceanic fields obtained after an extensive spinup of a coarse resolution version (dx = 74 kin) of the model that had been used in a previous study [Hazeleger and Drijfhout, 1999] . The fields were interpolated to the fine resolution grid (dx = 37 kin) used in this study. For the present fine resolution model we slightly changed the forcing profiles compared with those used in the coarse resolution model of Hazeleger and Drijfhout [1999] . This was done to reduce the overshoot of the Gulf Stream in the fine resolution model. The present forcing is shown in Figure 1 . It consists of a zonally averaged varying wind stress and freshwater flux. As the horizontal resolution, the forcing, and the subgrid-scale parameterizations differ from the previous model run with the coarse resolution model, an additional spinup with the fine resolution model was necessary. In the first stage of the additional spinup, the sea surface temperature (SST) was restored to an apparent temperature. The apparent temperature differs from the atmospheric temperature in the boundary layer because it incorporates all contributions of the radiation budget [Haney, 1971] . The restoring timescale was 20 days for a mixed layer depth of 50 m, otherwise proportional to the mixed layer depth. The forcing varies sinusoidally between the extremes in the winter and summer as depicted in Figure 1 . The negative fleshwater flux is high in the north. In the subtropical gyre the evaporation is less than that observed. This is necessary to ensure a vanishing basin integrated freshwater flux. As the basin width at the latitude of the maximum anticyclonic wind stress curl is about one third of the width of the subtropical Atlantic, the amplitude of the wind stress has been enhanced by a factor of 3 in comparison with observations. In this way, the linear component of the western boundary current will have the correct magnitude. The advective timescale of the subtropical gyre, however, becomes much too short after the wind enhancement (i.e., I to 2 years). To obtain a realistic ratio between advection and forcing time scales, the seasonal cycle is shortened by a factor of 3. conditions [Stull, 1988] . Therefore e, which is the ratio Table 1 . The experiments are designed to study the effect of the coupling to the atmosphere and of the diffusion and friction parameterization on the variability. In section 3.2 the experiments are described and motivated in more detail.
Internal Variability
In the midlatitude jet region, high-frequency variability occurs, associated with mesoscale eddies. The eddies are generated by barotropic and baroclinic instability. Such high-frequency variability has been successfully sbnulated and studied in models with high resolution and low friction/diffusion. Here we will focus not on the high-frequency variability but on the larger-scale low-frequency variability. It will be studied how this type of internal variability is generated and whether it can play a role in the observed mode water variability.
We analyze the last 85 years of the model run described in the previous section. The 85 years are preceded by the spinup of 80 years. First, the linear trend of the last 85 years has been subtracted from the data. Then monthly anomalies were determined from the detrended data. A 1-year running mean has been performed to smooth the data and remove high-frequency variability. These data will be used to study the lowfrequency variability. the control run, the mixed layer and mode water fields were saved every third day to assess mesoscale variability.
Control Experiment
In the control run the coupled model is used with a biharmonic friction parameterization (see Table 1 As the propagation speed is identical to the speed of the 8-year mode, the mode can not be a higher-order baroclinic mode. Apparently, this mode rides on the larger-scale mode. The EOF analysis showed that 45% of the variance in the entire mode water layer, on all resolved timescales longer than 1 year, is explained by the propagating features that are recovered in the OAF analysis. Together with the significant peaks in the spectra, this implies that the low-frequency variability in mode water is dominated by the westward propagating thickness This variability is generated by atmospheric variability (e.g., cooling by cold air outbreaks) and internal variability (that is, variability independent of atmospheric forcing). In the present model, hardly any atmospheric variability occurs (see section 3.2), except for the seasonal cycle. These results suggest that a large part of the SST variability in the Gulf Stream region is associated with internal variability. In the subtropical gyre, air-sea interaction is likely to play a more important role in generating SST variability.
Sensitivity Experiments
To gain insight in the physics of the variability displayed in the model, a suite of sensitivity experiments has been performed. The experiments are designed to assess the role of atmosphere-ocean coupling and the role of the strength of diffusion and friction. These sensitivity experiments can confirm whether the variability is truly internally generated. Some of the experiments are motivated by the results presented by Hazeleger and Drijfhout [1999] . There it was shown that low-frequency baroclinic waves could be excited by a stochastic wind stress in the coarse resolution version of the ocean-only model. Here similar waves are excited in the coupled eddy-resolving model under (nearly) constant forcing. Table I In the first sensitivity experiment (experiment a; see Table 1) Whether the low-frequency variability is excited appears to depend critically on the strength of the diffusion. A short (20-year) sensitivity experiment with strong diffusion and weak viscosity showed that the modes were damped, while in an experiment with weak diffusion and strong viscosity the modes were unaffected. The thickness diffusion acts to fiatten the slope of isopycnals. Apparently, this process damps the anomalies. The instability characteristics of the ocean circulation are determined by the slopes of the isopycnals. Large viscosity has no direct impact on the slopes of the isopycnal surfaces. In the previous section we suggested that the lowfrequency internal variability in the present model is an instability of the mean flow (i.e., not related to the mesoscale eddies). When the mean flow is weak, it probably consists of two damped eigenmodes of the system which can be excited by noise. When the mean flow is strong, it becomes unstable for these two modes. We have performed two experiments to test this hypothesis. As the gyres are primarily wind driven we will assume that thermodynamics do not play a role in generating the variability. Therefore from now on we will use the isopycnic ocean model (i.e., no mixed layer and no coupling to the atmosphere). Only the adiabatic layer thickness equation and the momentum equations are solved. This model is purely wind driven and has the same basin geometry, topography, and parameterization of subgrid-scale processes as in the control experiment.
In the first experiment (experiment e) we force the adiabatic model with a stochastic (zero mean) wind stress only, to determine the free modes of the system associated with the basic stratification.
These will act as a reference for the next experiment. In that experiment we force the adiabatic model with a constant wind stress (experiment f) and investigate whether the variability resembles that found in the control experiment. Furthermore, we study to what extent the variability is associated with the free modes, and to what extent the instability of the mean flow determines the observed variability.
In experiment e the model is initialized with horizontally constant layer thicknesses. In this configuration there can be no mean flow. The depth of the isopycnal interfaces correspond to the average depth of the isopycnals along 27øN in the control experiment. At this latitude the anomalies in mode water are strongest. With this experiment we intend to find the free modes of the system associated with the basic stratification.
In Figures 9a and 9b Table 2 .
From Table 2 Figure  10b . As would be expected, these terms correlate well with the evolution of the low-frequency variability itself ( Figure 10a ). As the amplitude is lower in Figure 10a than in Figure 10b , the other terms (on the average) act to damp the modes. So the low-frequency variability in mode water is not directly excited by the eddies. A short sensitivity experiment where the layer thicknesses in the coarse resolution model were stochastically perturbed with a first baroclinic modal vertical structure and a horizontal structure on the eddy scale confirmed this. No (quasi) periodic variability was found. This supports our hypothesis that the low-frequency variability consists of two eigenmodes of the system which are damped when high diffusion causes the slopes of the isopycnic surfaces associated with the midlatitude jet to be subcritical. When the diffusion is reduced, both modes are no longer damped, and they can evolve as the mean flow gets unstable and feeds energy into these modes. 
Summary and Conclusions
Observations
